The initiation of mRNA degradation often requires deprotection of its 5′ end. In eukaryotes, the 5′-methylguanosine (cap) structure is principally removed by the Nudix family decapping enzyme Dcp2, yielding a 5′-monophosphorylated RNA that is a substrate for 5′ exoribonucleases. In bacteria, the 5′-triphosphate group of primary transcripts is also converted to a 5′ monophosphate by a Nudix protein called RNA pyrophosphohydrolase (RppH), allowing access to both endo-and 5′ exoribonucleases. Here we present the crystal structures of Bacillus subtilis RppH (BsRppH) bound to GTP and to a triphosphorylated dinucleotide RNA. In contrast to Bdellovibrio bacteriovorus RppH, which recognizes the first nucleotide of its RNA targets, the B. subtilis enzyme has a binding pocket that prefers guanosine residues in the second position of its substrates. The identification of sequence specificity for RppH in an internal position was a highly unexpected result. NMR chemical shift mapping in solution shows that at least three nucleotides are required for unambiguous binding of RNA. Biochemical assays of BsRppH on RNA substrates with single-base-mutation changes in the first four nucleotides confirm the importance of guanosine in position two for optimal enzyme activity. Our experiments highlight important structural and functional differences between BsRppH and the RNA deprotection enzymes of distantly related bacteria.
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RNA stability | 5′-processing | RNA decapping R NA turnover is a major target for the control of gene expression. Although the RNA maturation and degradation machineries of two of the best studied model bacteria, Escherichia coli and Bacillus subtilis, differ significantly (1, 2), they share an enzyme that deprotects the 5′ ends of primary transcripts by converting the 5′-triphosphate group to a 5′ monophosphate (3, 4) . The 5′ monophosphorylated RNA is a much better substrate for the major endoribonuclease RNase E in E. coli (5) and for the 5′-3′ exoribonuclease RNase J1 in B. subtilis (6) . The structural basis for this preference is known in both cases. Binding of a 5′ monophosphate to a specific pocket stimulates the efficiency of RNase E cleavage at downstream sites, through a conformational change in the enzyme (7) , whereas in the case of RNase J1, a 5′ triphosphate is thought to reduce enzyme activity because the distance between the 5′-phosphate binding pocket and the active site is optimized for a nucleoside 5′ monophosphate (8) . The primary endoribonuclease of B. subtilis, RNase Y, has also been shown to prefer the 5′-monophosphorylated version of at least one RNA, the yitJ riboswitch, but the molecular basis for this preference is not yet known (9) .
The enzyme responsible for RNA deprotection in both E. coli and B. subtilis is RNA pyrophosphohydrolase (RppH). This enzyme is a member of the very ancient family of nucleoside diphosphate linked to X (Nudix) hydrolases, involved in a wide range of important biological reactions, including the hydrolysis of ADP ribose, 8-oxoguanosine, and AppppA (10) . Removal of the methylguanosine "cap" structure of eukaryotic mRNAs is also catalyzed by a Nudix protein, decapping enzyme 2 (Dcp2) (11) , suggesting that Nudix-mediated deprotection of RNA predates the evolutionary separation of bacteria and eukaryotes.
Nudix proteins have a characteristic signature motif GX 5 EX 7 REUXEEXGU (U is isoleucine, leucine, or valine and X is any residue) that forms a short α helix and contains the residues involved in metal (usually magnesium) ion binding (10) . This family of enzymes has a characteristic fold consisting of two β sheets flanked by three α helices. Whereas E. coli RppH (EcRppH) and Bdellovibrio bacteriovorus RppH (BdRppH) catalyze the conversion of RNA 5′ triphosphate to 5′ monophosphate in a single step (i.e., with the release of pyrophosphate) (3, 12) , the B. subtilis enzyme performs this reaction in two steps, releasing two phosphate ions (4) . Intrigued by this difference and conscious of the importance of B. subtilis as an alternative biological model for bacterial mRNA decay, we resolved the crystal structure of the B. subtilis RppH (BsRppH) enzyme in its free form, as well as that bound to GTP and a 5′-triphosphorylated dinucleotide RNA. To corroborate these data, we compared the 2D NMR spectra ( 1 H-15 N) of RppH bound to 1, 2, or 3 nucleotides of 5′-triphosphorylated RNA and we performed enzyme assays on longer RNAs bearing different nucleotides in the first four positions. We propose a model whereby the RNA is bound not only at the γ position of the 5′-triphosphate group, but also at the position of the second base, via a nucleotide binding pocket with a preference for guanosine residues.
Results
Structure of the BsRppH Nudix Domain. We first solved the crystal structure of a Glu68 to Ala catalytic mutant (E68A) of B. subtilis RppH bearing an N-terminal His-tag, at 2.2-Å resolution. BsRppH was not sufficiently similar to other Nudix proteins in the Protein Data Bank (PDB), including the B. bacteriovorus and E. coli RppH enzymes, to be able to solve the structure by molecular replacement. We thus used sodium-iodide-soaked crystals and phasing by single isomorphous replacement with anomalous scattering (SIRAS) to determine the structure. The structural data are presented in Table S1 . Although the asymmetric unit contains a dimer, BsRppH is a monomer in solution (Fig. S1A ). This is in contrast to BdRppH, which forms a dimer in solution (12) and whose dimerization interface is very different from that seen in crystals of the B. subtilis enzyme (Fig. S1B) .
Each of the monomers is composed of a typical Nudix fold (Fig. 1A) , consisting of a central four-stranded mixed β sheet (β strands 1, 3, 4, and 5) and an antiparallel β sheet (β strands 2 and 6) sandwiched between three α helices (α1 and α2, α3). To facilitate comparisons, we have kept the same nomenclature as that of the previously published BdRppH enzyme (12) . The topology of the secondary structures is shown in Fig. 1B . The ∼20 N-terminal amino acids, which were not visible in the BdRppH structure (and are essentially absent from the E. coli sequence), form a long loop and two additional antiparallel β stands that we have called β(−1) and β(−2). These extend the central β sheet to six strands (shown in red in Fig. 1 A and B) through six hydrogen bond interactions between residues in β4 and β(−1). The N-terminal domain is further stabilized by four potential salt bridges (Fig.  1C) and by hydrophobic interactions between residues in helix α3 and strands β(−1) and β(−2) (Fig. 1D) . The Nudix motif is contained principally in helix α1 and contains all of the key residues for an active member of this family (Fig. S2) . Despite the overall conservation of the Nudix topology, the structures of the RppH enzymes from B. subtilis, E. coli, and B. bacteriovorus are substantially different, independent of differences in the Nterminal domain (Fig. S3) .
Structure of BsRppH Bound to GTP. We soaked crystals of BsRppH (E68A) in a solution of GTP, anticipating that the nucleotide would occupy a similar position to that seen with the BdRppH enzyme. Crystals of the resulting complex with GTP were resolved at 2.9-Å resolution by molecular replacement. In BdRppH, GTP binds close to the active site, with the α and β phosphates coordinated by three Mg ions and the purine ring recognized by residues Pro52, Phe53, and Asn136 (12) . In the B. subtilis enzyme, GTP clearly binds to a different pocket, about 8-10 Å distant from this site (Figs. 2 and 3A). The guanine ring is held in place by hydrogen bonds with Asp6, Tyr86, Lys97, Asp141, and a water molecule (Fig. S4 ) and the α phosphate by His27. The phosphate groups of GTP bound to this pocket are clearly too far from the active site to be a substrate for catalysis. The BdRppH guanosine binding pocket does not exist in the B. subtilis enzyme and is, in fact, largely occupied by a tryptophan residue (Trp29). Furthermore, Asn136, which plays a key role in guanosine recognition in BdRppH, has no functional equivalent in the B. subtilis enzyme (Table S2) . No metal ions were visible in the E68A mutant enzyme, which was not unexpected as the equivalent residue in BdRppH (E70) coordinates two of the three metal ions.
Crystal Structure(s) of BsRppH Bound to a Dinucleotide. Wary of the possibility that the absence of Mg ions in the mutant enzyme might have an effect on the position of GTP and curious to know how this enzyme dephosphorylates RNA, we attempted to generate complexes between the nontagged wild-type enzyme and mono-(G), di-(GG), or trinucleotides (GGA), bearing 5′-triphosphate groups. To prevent hydrolysis of these substrates, we used 5′ nucleotides bearing methylene groups between the γ and β phosphates (pcp). We successfully obtained crystals of wild-type BsRppH bound to the pcp-pGpG dinucleotide in a different space group (Table S1 ). The asymmetric unit was also a dimer, but different from both that of the first space group and that of BdRppH (Fig. S1B ), further evidence that BsRppH functions as a monomer in solution.
Two different complexes were obtained (in the same drop) that contained either the first or second guanosine residue in the nucleotide binding pocket. These structures were resolved by molecular replacement at 1.7-Å and 2.2-Å resolution, respectively. Although only one G residue was visible in each structure, in each case bound to the nucleotide pocket, the positions of the 5′ and 3′ phosphates give important clues as to how BsRppH binds and dephosphorylates RNA. The complex with the first G residue (G1) in the nucleotide pocket shows the 5′ nucleotide in an identical conformation to that of GTP bound to the E68A mutant, with the γ and β phosphates too far from the active site for hydrolysis (Fig. 3B) . Furthermore, no metal ions were visible in the active site of this structure, despite the fact that the enzyme was wild type, providing an additional indication that this is a nonproductive complex. One important difference with the GTP-bound complex, however, is that we can see the position of the 5′-phosphate group of the second residue, which indicates that the path of the RNA molecule is toward the N-terminal domain of RppH. This phosphate group is principally in interaction with Asn10 in strand β(−1).
The structure containing the second guanosine residue (G2) in the nucleotide binding pocket is likely to represent the productive enzyme/substrate complex (Fig. 3C) . In this structure, Gly54 and Glu72 coordinate one metal ion (Mg1), whereas Glu68, Glu72, and Glu115 coordinate a second (Mg2) (Fig. 3D) . These metal ions are in similar positions to two of the three Mg ions in BdRppH, but play different roles. In BdRppH, the metal ions share coordination of the α and β phosphates (Fig. 3E) , whereas in BsRppH, only the γ phosphate is coordinated by the magnesium ions (Fig. 3D) . Although the α, β, and γ phosphates of G1 are clearly visible in this structure (Fig. 3C) , the ribose and base moieties are not, suggesting that they are flexible. We can also clearly see the 5′ monophosphate of G2 in the nucleotide pocket (Fig. 3C) . These experiments clearly show that the pppGG dinucleotide can have at least two different configurations on BsRppH and that longer molecules are likely required for efficient enzyme function. to determine how RppH binds RNAs in solution. We performed NMR chemical shift mapping using heteronuclear ( 1 H-15 N) transverse relaxation optimized spectroscopy (TROSY) on wildtype 15 N-labeled BsRppH bound to pcp-GMP, pcp-pGpG, and pcp-pGpGpA. Using 15 N-13 C-labeled BsRppH, we were able to assign TROSY peaks to the backbone amide groups of about two-thirds of BsRppH residues (104 of 158). Binding of pcp-GMP to BsRppH caused a major perturbation, i.e., disappearance, of seven peaks corresponding to residues near the guanosine binding pocket, consistent with the crystallography data ( Fig. 4A and Table  1) . A further 15 peaks showed significant chemical shift variations (≥0.05 ppm), including four residues (8) (9) (10) (11) in the N-terminal domain near where GTP binds. The 2D spectra are shown in Fig. S5 .
Binding of the pcp-pGpG dinucleotide caused six additional major chemical shift perturbations and 10 supplementary chemical shift variations in the TROSY spectrum of BsRppH (Table 1) . Consistent with the observation that the dinucleotide can bind BsRppH in two different ways, most of these peaks also corresponded to residues clustered around the guanosine binding site (Fig. 4B) . Indeed many of the chemical shifts were a reinforcement of displacements already seen with pcp-GMP, notably residues 8-10 of the N terminus, Val55 and Ile138. Only a strong displacement of peaks corresponding to Glu44 and Glu115 gave an indication of an interaction with residues near the catalytic site. Glu115 is one of two potential catalytic bases in BsRppH (Discussion).
More dramatic chemical shift changes were seen when the trinucleotide pcp-pGpGpA was added to BsRppH; a further 13 peaks "disappeared" compared with the dinucleotide (Table 1 ). The majority of the "new" shifts correspond to residues close to the catalytic site, notably residues 45-47, 72-74, and many between 112 and 118 (Fig. 4C) , suggesting that the RNA molecule has found its correct niche and confirming the idea that at least three residues are required to prevent ambiguous binding. The middle G residue of the GGA trinucleotide is the most likely residue to be in the nucleotide binding pocket in this complex, because the crystal structure suggests there is only enough space to accommodate one nucleotide between the binding pocket and the active site. Three peaks corresponding to residues Tyr8, Gln9, and Ala102 showed additional chemical shifts of intermediate proportions upon binding pppGGA. Indeed Tyr8 and Gln9 in the N terminus showed increased peak displacements with each added nucleotide (Fig. 4 ) consistent with these residues interacting optimally with the third residue of the trinucleotide RNA.
Guanosine Is Preferred in the Second Position of BsRppH Substrates.
We were unsuccessful in attempts to obtain crystals of BsRppH with ATP in the nucleotide binding pocket under conditions identical to those that were effective for GTP. Guanine can also form more hydrogen bonds (six) with the key residues of the pocket than any of the other three bases (Fig. S4) . These observations, along with the crystal structure of the productive enzymesubstrate complex, suggested a general preference for guanosine in the second position of BsRppH substrates. To test this idea, we made variants of a 280-nt RNA molecule, synthesized by T7 RNA polymerase, that we had previously identified as a substrate of BsRppH in vitro. The substrate begins with a GGGA sequence and first 9 nucleotides are predicted to be in a single stranded conformation. We changed positions 2 or 3 of this RNA to each of the other three possible bases A, C, or U. We also made variants in the first (AGGA) and fourth positions (GGGU) as controls. The different substrates were γ-32 P-labeled at the 5′ end and subjected to hydrolysis by increasing concentrations of BsRppH. The products were then run on a 20% polyacrylamide gel to resolve the liberated γ phosphate (inorganic phosphate, Pi). In these experiments, BsRppH showed about a 5-to 10-fold preference for guanine in position 2 compared with the other three bases, whereas the identity of the base in positions 1, 3, and 4 had much smaller effects on enzyme activity (Fig. 5) . Although we cannot rule out the possibility that some of these single-base mutations have an effect on the secondary structure of the 5′ end of the RNA and thus the amount of Pi released, the fact that three different mutations in position 2 all significantly reduce activity is strong evidence in support of a key role for guanosine in the second position of BsRppH substrates. A similar conclusion was reached in a parallel study in the companion article by Hsieh et al. (13) . Our data are also consistent with the possibility that the enzyme has a modest preference for A in position 3, as observed in the accompanying paper (13) .
Discussion
We have solved the crystal structures of the B. subtilis RNA pyrophosphohydrolase BsRppH alone, and in complex with GTP and a triphosphorylated RNA dinucleotide (pppGG). The latter is the first complex of a Nudix protein with an RNA substrate bound in the catalytic site. Although BsRppH has a classical Nudix fold, the B. subtilis enzyme has important characteristics that distinguish it from the previously solved structures of B. bacteriovorus and E. coli RppH, the main difference being the primary site of nucleotide recognition. Whereas the B. bacteriovorus enzyme has a binding pocket for the first residue of its RNA substrate, the B. subtilis enzyme primarily recognizes the second base. Although no structure of the E. coli enzyme bound to a nucleotide is currently available, the key residues of the B. subtilis nucleotide binding pocket are absent in E. coli, suggesting that its RNA recognition mechanism is also different from BsRppH. Further differences were seen in the N-terminal domain, which was not visible in the BdRppH structure and is absent from EcRppH, and in the loop structures of the three enzymes. Thus, although they are obviously derived from a common Nudix ancestor, and share overall topology, they have clearly had time to evolve into recognizably different structures with interesting divergent features. One such divergent property is that BdRppH forms dimers in solution, whereas BsRppH is a monomer. Indeed, the B. subtilis enzyme cannot form the same dimer as BdRppH because of a steric clash between the N-terminal domains. The crystallography data suggested that the RNA path away from the catalytic site is likely to be via the N-terminal domain in BsRppH; this RNA exit pathway is also likely to be available in the Bdellovibrio enzyme despite its dimerization.
A second major contrasting feature is that both the Bd and EcRppH enzymes release pyrophosphate from the 5′ ends of primary transcripts (3, 12) , whereas the B. subtilis enzyme catalyses this reaction in two steps, releasing two phosphates (4). The Nudix nucleoside triphosphatase YmdB of E. coli has also been shown to produce Pi instead of pyrophosphate (PPi), but the basis for this mechanism is unknown (14) . The difference in the catalytic mechanisms of the Bd and BsRppH enzymes is likely explained by the difference in phosphate coordination by the metal ions of each protein. The α and β phosphates of GTP are coordinated by Mg in BdRppH, favoring cleavage between them and liberation of PPi (Fig. 3E) . In contrast, only the γ phosphate is coordinated by metal ions in BsRppH (Fig. 3D) and thus the enzyme must proceed in a sequential manner. The flexibility of the base and sugar moiety of the first nucleotide may facilitate the repositioning of the β phosphate adjacent to the metal ions, after the γ phosphate has left, for the second round of catalysis.
Catalytic mechanisms have been proposed for several Nudix hydrolases, among them the mutator phosphohydrolase MutT, ADP ribose pyrophosphatase (ADPRP), diadenosine tetraphosphate pyrophosphatase (Ap4AP), and GDP-mannose mannosyl hydrolase (GDPMH) (10) . These can be divided into two major classes based on the location of the catalytic base. In MutT, Ap4AP, and Thermus thermophilus (Tt) ADPRP (10, 15, 16) , the catalytic base is thought to be the second glutamate residue of the Nudix signature sequence (Glu68 in BsRppH), whereas in EcADPRP and GDPMH the catalytic base is either a glutamate Trp29 (NE1), Val94, Ile95, Val96, Tyr100, Phe137, Leu144, Glu44, Val55, Leu89, Asn98, Glu115, Ile138, Tyr8, Gln9, Asn10, Gly53, Leu83, Gln85, Ile99, Asp112, Thr116, Lys140 pcp-pGpGpA Trp29 (NE1), Val94, Ile95, Val96, Tyr100, Phe137, Leu144, Glu44, Val55, Leu89, Asn98, Glu115, Ile138, Asp45, Arg46, Gly47, Gly52, Gly53, Glu72, Thr73, Gly74, Asp112, Phe114, Thr116, Lys117, Gly118, Asn10, Leu83, Gln85, Ile99, Tyr8, Gln9, Ala102
Boldface represents peaks corresponding to residues that disappear upon substrate binding whereas non-boldface residues show intermediate chemical shifts (two or more times average measurable shift). Residues showing a significant chemical shift relative to the previous substrate (n − 1 nt) are in italics.
or a histidine residue located in the loop between strands β5 and β6 (17, 18) . His116 in this loop has been proposed as a potential catalytic base for BdRppH (12) and the equivalent residue in BsRppH is Glu115 (Table S2 ). Both Glu68 and Glu115 are hydrogen bonded to the same water molecule, which also serves as a ligand for Mg2, in BsRppH (Fig. 3D) . This water molecule is a potential candidate to perform the nucleophilic attack on the γ phosphate of BsRppH upon activation by Glu68 or Glu115 (or both).
Based on the two different crystal structures of BsRppH bound to the pppGG dinucleotide and taking into account the NMR chemical shift mapping data of BsRppH bound to trinucleotide, we have built a working model of the enzyme bound to a pppGGA sequence (Fig. 6) . The position of the ribose moiety of the first guanosine residue was determined by the positions of the α phosphates of the first and second residues, which were clearly defined in the two crystal structures of BsRppH bound to pppGG. Only weak and incomplete density is visible for the G1 base (not included in the deposited PDB file). Nevertheless, this position of the G1 base is also supported by the NMR chemical shift data, which shows a major perturbation of the peaks corresponding to the nearby residues Asp45, Arg46, and Gly47 in the loop between strands β2 and β3. The 5′ phosphate of the G2 residue was clearly visible in the crystal structure with G1 in the nucleotide binding pocket. This defines the position of the α phosphate of the adenosine residue (A3) in the pppGGA trinucleotide. The NMR chemical shift data show a progressive increase in the chemical shift variation of residues in the loop between strands β(−1) and β(−2) in the N-terminal domain, notably Tyr8 and Gln9, with each added nucleotide. In the model of pppGGA bound to BsRppH, we have stacked the A3 base against the tyrosine ring to take into account the NMR data; other orientations of the sugar and base are possible, however.
There are currently over 70 distinct Nudix proteins in the PDB, with about 15 different known or predicted functions. It is remarkable that the Bs, Ec, and BdRppH structures were sufficiently different that it was not possible to solve the BsRppH structure by molecular replacement. Indeed a BLAST search for homologs to BsRppH in E. coli only identifies EcRppH in fifth position (24% identity) among 13 Nudix proteins encoded by its genome; it is more closely related to E. coli MutT at the sequence level (32% identity). Similarly, a Dali search (http://ekhidna.biocenter.helsinki. fi/dali_server/) of the PDB using the 3D structure of BsRppH ranks seven E. coli Nudix proteins ahead of EcRppH by z score. It is thus impossible to distinguish RppH from other Nudix proteins in distantly related bacteria by sequence or structure alignment; experimental validation is required.
Our data and that of our colleagues (13) showed that BsRppH has a preference for guanosine in the second position of its substrates. Indeed, two previously identified substrates of BsRppH, the yhxA-glpP (regulation of glycerol metabolism) and ermC (erythromycin resistance) mRNAs have a G in position 2. Preference for a nucleotide in an internal position of the RNA substrate has not been seen previously among Nudix family decapping proteins and suggests that RppH has a preference for a subset of B. subtilis RNAs. The start points of about 600 B. subtilis primary transcripts have recently been identified by differential RNA sequencing (dRNA-seq) at single nucleotide resolution (19) . We examined nucleotide distribution over the first 10 positions of these 600 transcripts to see whether there was a preference for particular nucleotides in position 2. The first 10 nucleotides are particularly rich in A (41%) and poor in C (10%) residues (Fig.  S6) . Only the first two positions were dramatically different from the others; from positions 3-10, the distribution was relatively homogenous, but still not quite the same as the genome average. 
